Detailed information on web geometry and the material properties of the various silks 1 1 used elucidates the function of the web's different structures. In this study we investigated the 1 2 non-sticky spiral in Nephila edulis webs, which in this species is not removed during web-
ignored. Scanning electron microscopy (SEM) images were obtained by gluing selected silk threads on to superconducting tape on a SEM stub. To ensure that threads remained in their 1 4 7 natural configuration, the ends were additionally fixed onto the tape with superglue (Loctite 1 4 8 Ultra Gel). The stub was held up to the web with a retort stand and the threads were carefully Finite element analysis of pre-stresses in the non-sticky spiral
We used a digitised cut-out section comprising seven non-sticky sectors from one of 1 8 1 the outer spiral turns from a real Nephila web to ensure that the numeric simulation was as 1 8 2 similar as possible to the physical measurements from real webs (Fig. 5 ). We constructed two to match a low (0.1) and a high (0.2) zigzag width-height ratio based on the result of the 1 8 5 geometry data from the real webs (Fig. 3) . The cut-out sections were modelled with the finite 1 8 6 element software ABAQUS (v.6.8-4, 2008 Dessault Systèmes S.A., France) as 3d deformable Nlgeom was turned on) was generated to calculate the deformations caused by the pre- stresses. All thread ends were fixed with the encastre boundary condition (Fig. 5 ).
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The material properties of the three silk types were incorporated into ABAQUS by 1 9 2 using smoothed (the average method with span 10 using the smooth() function in MATLAB) representative (engineering) stress-strain data from a real spider (Table 1 test data in a hyperelastic material model fitted with a second order polynomial strain energy 1 9 5
potential. For the sticky spiral, we used a typical stress-strain curve (stiffness: 0.8 MPa, properties of structural silk do not appear to differ much between N. clavipes and N. edulis, 1 9 9 so a large difference in the sticky silk between the two species is unlikely (Gosline et al., The material properties were assigned to the geometry by splitting the web into three 2 0 3 ABAQUS sets (radii, sticky and non-sticky spiral). The pre-stress level in the radial threads dividing this by the total cross-sectional area of both fibres in the thread, which gives a pre-2 0 7 stress of 50 MPa (Table 1) . The pretensile forces in the sticky spiral of Araneus diadematus 2 0 8 webs is about 10 times smaller than in the radii (Wirth and Barth, 1992) and the stiffness of A. diadematus sticky silk is about 4 times higher than N. clavipes sticky silk (Gosline et al. stress of approximately 2 MPa (Table 1) . To find the non-sticky spiral pre-stress that gives 2 1 3 the best fit to the measured Zigzag index, we tested a range of pre-stresses from 1 to 40 times 2 1 4 the radial pre-stress (Table 1) . The values of the applied model pre-stresses were entered into 2 1 5 ABAQUS as a predefined initial condition (*PRESTRESS) using the keyboard editor. It is important here to emphasise that the pre-stresses we input as initial conditions to 2 1 7 ABAQUS (hereafter referred to as applied model pre-stress) is a measure of the energy 2 1 8 required to deform the original model (Fig. 5A ) into the deformed model with the zigzag non-2 1 9 sticky spiral (Fig. 5B ). This allows our FE model to generate zigzag patterns similar to the 2 2 0 ones observed in real Nephila webs. However, as discussed in more detail in the discussion 2 2 1 section below, the real spider adds pre-stresses to the non-sticky spiral segment by segment as it lays it down and our applied model pre-stresses are therefore not similar to the pre- to, or slightly higher than, the final pre-stresses calculated by our FE model. The height-width ratio and the Zigzag index of the first five (i.e. inner) turns of the 2 3 0 non-sticky spiral were analysed with a repeated measurements' ANOVA with spiral turn as a 2 3 1 within-subject factor. Assumptions of equal variance and sphericity where met in both tests. Webs with fewer than five turns of the non-sticky spiral were excluded from the analysis. The diameter and tensile strength data were logarithmic transformed and since the assumption of 2 3 6 sphericity was not met for stiffness, the Greenhouse-Geisser correction was applied. We furthermore compared the properties of non-sticky spiral and radial silk with a paired 2 3 8 student's t-test from the entire thirteen webs. The turns of the non-sticky spiral were clearly visible as distinct gaps between the 2 4 6 sticky spiral turns in all 15 Nephila edulis webs recorded ( Fig. 2A) . The number of non-2 4 7 sticky spiral turns ranged between 4 and 8, averaging 4.5 (Table 2 ). There was a mean of 6.0 2 4 8 sticky spiral turns between each non-sticky spiral turn (Table 2 ), but outer non-sticky spiral 2 4 9 turns had more sticky spiral turns between them than inner turns (Fig. 3A , repeated measures 2 5 0 ANOVA: F 3,27 = 11.4, P < 0.001). The non-sticky spiral was recognisable by its zigzag shape where the length of the junction between the radius and the non-sticky spiral made up the 2 5 2 height of the zigzag pattern, while the inter-radial length made up the width (Figs. 1, 2A ). The junction consisted of the non-sticky spiral fibres wrapping around the radius, which, non-sticky spiral and the radius ( Fig. 2B ; Kullmann and Stern, 1973) . The shape of the zigzag Higher pre-stresses in the non-sticky spiral resulted in a contraction of the width of pre-stress reported above.
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In the previous paragraphs, we focused on the pre-stresses in the non-sticky spiral that were applied to the non-deformed geometry (Fig. 5A ). However, after reorganisation into the 3 1 0 zigzag geometry (Fig. 5B) , the pre-stresses in the model changed as the high stress applied to 3 1 1 the non-sticky distributed itself into the radii. The final stress in the model for the outer non-3 1 2 sticky spiral turns (with an applied model pre-stress of 1000 MPa) was in the range of 294
MPa -326 MPa (excluding the stress near the two fixed end points) for the non-sticky spiral The non-sticky spiral in webs of the golden orb spider Nephila spp. differ from non- groups of ca. 6 spiral turns of the sticky spiral ( Fig. 2A , Table 2 ). Secondly, the non-sticky 3 2 6 spiral has a clear zigzag shape ( Fig. 2A) . Thirdly, the junction of the non-sticky spiral and the 3 2 7 radius is elongated and appears not to allow slip, since the non-sticky spiral wraps around the 3 2 8 radius in the elongated junction (Fig. 2B) . However, while the non-sticky spiral in other orb 3 2 9
spiders is thought to consist of different silk (minor ampullate) with different mechanical properties compared to the other scaffolding structures (major ampullate) in the web 3 3 1 (Anderson, 1970) , no such differences were found for the Nephila non-sticky spiral in this order to achieve the observed zigzag pattern, an applied model pre-stress of up to 20 times higher than those found in the radial threads would have to be applied (Fig. 5 ), although the final pre-stresses in the model were similar for the non-sticky spiral and radii in the innermost 3 3 8 non-sticky spiral turns and 1.5 -2 times higher in the outer non-sticky spirals than in the radii. In the following sections, we discuss the geometry, the material properties and the pre- The permanent non-sticky spiral turns were clearly visible in Nephila edulis orb webs 3 4 4 in the gaps of the sticky spiral ( Fig. 2A) . The presence of the non-sticky spiral in the 2009; Kuntner et al., 2008) . In all other orb spider families, except anapids where the non-
sticky spiral is not constructed at all (Eberhard, 1987) , the non-sticky spiral is removed placement of the sticky spiral turns (Peters, 1937; Zschokke, 1993; Eberhard and Hesselberg, 3 5 0 in press). In laboratory webs, N. edulis built non-sticky spirals with 4-5 turns and an average 3 5 1 of 6 sticky spiral turns per non-sticky spiral turns (Table 2) , although this varied with distance 3 5 2 from the hub so that outer non-sticky spiral turns had significantly more sticky spiral turns between them than inner turns (Fig. 3A) . Thus the non-sticky spiral in N. edulis can be and Mohren, 1985) . However, whereas the junction between the radius and the non-sticky 3 5 6 spiral in other orb spiders consists of a single point (Eberhard, 1988; Peters, 1937) , the 3 5 7 junction in N. edulis is elongated with the non-sticky spiral wrapping around the radius ( together with the high pre-stresses in the non-sticky spiral give rise to a characteristic zigzag 3 6 3 pattern that becomes more pronounced with each spiral turn away from the hub (Figs 2, 3, 5) .
The geometry of the non-sticky spiral webs of the Australian N. edulis reported here is Kuntner, Pers. Comm.), which suggest that this trait is only found in the nephilid species that 3 6 9 built large and dense aerial webs. The function of the sticky spiral is to retain prey long enough for the spider to reach it, which it achieves by using gluey substances and being very elastic which makes it difficult for prey to push against it, whereas the function of the radii, frame and anchor threads, and presumably the permanent non-sticky spiral, is to ensure that the web does not fail during 3 7 7 prey impact and during wind exposure (Agnarsson and Blackledge, 2009; Denny, 1976) . The high stiffness and tensile strength but a modest extensibility, whereas capture spiral silk has The difference between sticky and scaffolding silk arises because the silk is drawn within gluey aggregate silk (Foelix 1996) . Non-sticky silk is thought to arise from a different except for a smaller diameter, our study found no differences in mechanical properties 3 9 1 between silk from the non-sticky spiral and silk from the other scaffolding structures (Fig. 4 properties from major ampullate silk. The difference in fibre diameter between non-sticky 3 9 5 spiral and the other scaffolding silks could indicate that the former consists of minor 3 9 6 ampullate silk (Table 3 ). However, spiders are known to be able to use drawing speed to 3 9 7 regulate the diameter of the fibres they extrude from their glands (Vollrath et al., 2001 ) and in 3 9 8 our study there is a smaller difference in the diameter of the fibres between the non-sticky 3 9 9 spiral and the radii than between the radii and the anchor threads (Table 3 ). In one study on 4 0 0 reeled minor and major ampullate silk in N. clavipes, the elasticity was not found to differ, 4 0 1 but major differences were found in tensile strength with up to four times higher strength in 4 0 2 major ampullate silk (Stauffer et al., 1994) . However, the methodology of this study has later is major ampullate silk that would mean that the spider is able to vary the diameter of major ampullate silk (Peters, 1990; 1993) . In addition, a study on the mechanical properties of found an extensibility around 40%, a stiffness of 7,000 MPa and a tensile strength of 1,000
MPa (Madsen et al., 1999) , where we found significantly higher stiffness and tensile strength 4 1 9 (Table 3) , which could perhaps suggest a combination of different silks as minor ampullate Some of the radial and spiral threads in Cyrtophora webs were found to originate from the 4 3 2 minor ampullate gland (Peters, 1993) . Something similar could be occurring in Nephila webs,
although Cyrtophora is not a close relative. Even though we found no significant differences had lower diameter fibres, slightly lower stiffness and slightly higher extensibility than the 4 3 6 frame and anchor threads, which could perhaps indicate material differences (Table 3) . It is 4 3 7 also possible that primary radii (originating at the hub) consist of major ampullate silk and spiders (Zschokke and Vollrath, 1995) . In the present study we did not differentiate between 4 4 1 primary and secondary radii, so it cannot be ruled out that we have tested both minor and 4 4 2 major ampullate radii. However, considering that all tested radial threads, without exception, 4 4 3 had a larger diameter than the non-sticky spiral threads this is perhaps less likely. all silk types from each web were drawn at roughly the same time during web-building in the The use of FE analysis clearly demonstrate that, as expected, the zigzag pattern in the 4 5 5
Nephila non-sticky spiral arise from high pre-stresses in the non-sticky spiral which pulls the 4 5 6 intersection points with the radius together (Fig. 5) . By comparisons with the height-width 4 5 7 ratios and the Zigzag indices in real webs (Fig. 3) , we estimated that applied model pre- of the non-sticky spiral to 1000 MPa in the outer turns (Fig. 5C) . In the FE model used in this 4 6 0 study, we chose an average constant pre-stress for the radial and sticky spiral threads, where 4 6 1 in the real webs, the pre-stresses in the radii varies substantially with position and distance 4 6 2 from the hub (Wirth and Barth, 1992) . However, based on our sensitivity analysis, where pre- here. Thus, in our FE model, we find that the model pre-stress applied to the non-sticky spiral is up to 70% of its breaking stress (Table 3) . However, it is important to realise that these are 4 6 7 initial stresses applied to the non-deformed geometry. The spider does not first complete the 4 6 8 entire web and then applies the pre-stress as we, out of necessity, have done in our FE model. Instead the spider probably applies stress to the individual non-sticky spiral segments by only about 1.5 -2 times higher than the pre-stress in the radii in the outer turns (~300 MPa vs 4 7 5 ~ 180 MPa) (Fig. 5B ) and equal to the pre-stress of the radii in the inner non-sticky turns (~80 MPa vs ~ 78 MPa), which is comparable to values measured in incomplete webs of Araneus 4 7 7 diadematus (Wirth and Barth, 1992) . As always with computer models, the reliability of the 4 7 8 output depends on the accuracy of the input. At the highest pre-stresses, the actual pre-stress Our finite element analysis provides estimates of the pre-stress levels found in 4 8 6 Nephila webs; the accuracy of those estimates needs to be validated by direct measurements. In addition, our combination of geometry and FE model results suggest that the Zigzag index Finally, we may speculate why it is that the non-sticky spiral is retained in Nephila 4 9 4 webs, when it reduces the effective capture area and the efficiency of the radii to transmit vibrations from impacting prey to the spider in the hub (Landolfa and Barth, 1996) . Landolfa and Barth (1996) hypothesised that the non-sticky spiral has a mechanical role in stabilising 4 9 7 the web. This in combination with the fact that, within the family Nephilidae, the zigzag 4 9 8 pattern is only found in the Nephila and Nephilengys genera, which both build large and 4 9 9 dense aerial webs, suggest that the non-sticky spiral strengthens and increases the stiffness of and Vollrath, In preparation). with tensile testing and polarising microscopy, thanks to Ken Savage for supplying material writing the software we used to analyse the output of the Instron tensile tester. We would also This study was funded by an Intra-European Marie Curie Fellowship for Career Development Behav. 1, 51-66. Tetragnathidae) use to build orbs: lapses in attention to one set of cues due to dissonance with Today 14, 80-86. Foelix, R. F. (1996) . Biology of spiders. 2 nd ed. Oxford University Press. 3303. Interface 8, 457-471. 116, 535-545. 
